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h  The  design  problems  resulting  from  thermal  limita¬ 
tions  in  many  industrial  products  can  be  alleviated  by  the 
proper  application  of  heat  pipes.  The  purpose  of  this 
report  is  to  provide  engineering  design  equations  and 
practical  guide  lines  in  order  to  assist  product  develop¬ 
ment  engineers  in  evaluating  the  usefulness  of  this  de¬ 
vice.  The  relationships  which  are  formulated  are  for  the 
mid -temperature  range  of  heat  pipe  applications  and  only 
a  brief  discussion  is  given  concerning  specific  problems 
which  occur  when  dealing  with  the  extreme  temperature 
ranges.  The  assembly  techniques  for  heat  pipe  construc¬ 
tion  are,  to  a  great  degree,  tailored  to  the  specific  design 
and  only  general  construction  information  is  supplied. 
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NOMENCLATURE 


A 

Area 

C 

Constant 

c 

Specific  heat 

D 

Diameter 

F 

Force 

f 

Function 

g 

Acceleration  of  gravity 

Gravitational  constant 

Latent  heat  of  vaporization 

nfg 

hWR 

Wick  rise  height 

H 

Enthalpy 

h 

Heat  transfer  coefficient 

k 

Thermal  conductivity 

K 

Wick  friction  factor 

L 

Length 

M 

Momentum 

NRe 

Reynolds  number 

P 

Pressure 

Q 

Heat  flow 

q 

Heat  flux 

R 

Inner  radius 

r 

Characteristic  radius 

T 

Temperature 

t 

thickness 

u 

Velocity  in  "x"  direction 

V 

Velocity  in  "y"  direction 

W 

Flow  rate 

X 

Direction 

i 


Greek  Letters 


A 

Difference 

6 

Wick  thickness 

0 

Surface  tension 

0 

Angle  of  inclination 

e 

Porosity 

Wetting  angle 

4 

r/R 

T 

Wall  shear  stress 

O 

P 

Density 

P 

Viscosity 

V 

Dynamic  viscosity 

Subscript 

s 

A 

Ambient 

a 

Adiabatic 

c 

Condenser 

ca 

Capillary 

cf 

Coolant  fluid 

CO 

Construction 

crit 

Critical 

cw 

Container  wall 

e 

Evaporator 

eq 

Equivalent 

ev 

Vaporization 

f 

Friction 

ft 

Fluid 

q 

Gravity 

HP 

Heat  pipe 

i 

Inner 

£ 

Liquid 

max 

Maximum 

min 

Minimum 

o 

Outer 

P 

Pores 

r 

Radial 

sat 

Saturation 

T 

Total 

w 

Wick 

ws 

Wick  solid 

V 

Vapor 

X 

Denotes  direction 

1 

End  of  evaporator 

2 

End  of  condenser 
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I. 


INTRODUCTION 


Heat  pipes  have  been  a  focal  point  of  research  in  recent 
years  and  have  been  exploited  in  thermal  designs  for  zero  gravity 
applications.  However,  the  thermal  transport  capabilities  of 
these  devices  can  also  be  employed  to  technical  and  economic  ad¬ 
vantage  in  conventional  cooling  systems. 

The  thermal  advantage  derived  from  heat  pipes  is  achieved  by 
applying  two  of  the  most  effective  heat  transport  techniques, 
vaporization  and  condensation.  Although  the  heat  pipe,  as  a  de¬ 
vice,  is  a  recent  innovation,  the  transport  phenomena  which  form 
the  functional  components  have  long  been  studied  in  the  general 
areas  of  heat  transfer  and  fluid  flow. 

The  functional  process  for  heat  pipes  can  easily  be  qualita¬ 
tively  explained.  However,  the  individual  processes  which  are  in¬ 
volved;  vaporization,  condensation,  flow  in  porous  structures,  and 
surface  tension  phenomena,  do  not  lend  themselves  to  closed  form 
mathematical  solutions.  The  coupling  of  these  transport  phenomena 
adds  another  degree  of  complexity  to  the  overall  solution.  The 
intent  of  this  report  is  to  summarize  engineering  design  relation¬ 
ships  which  can  be  employed  to  evaluate  the  feasibility  of  employ¬ 
ing  heat  pipes  for  specific  applications.  In  most  cases,  more 
detailed  investigations  and/or  experimental  heat  pipe  evaluations 
would  have  to  be  performed  before  a  product  design  would  be  final¬ 
ized  . 

The  design  relationships  described  herein  are  based  on  "state- 
of-the-art"  information  and  are  primarily  concerned  with  heat  pipe 
performance  in  the  most  common,  mid- temperature  range  (-40°F  to 
300°F) .  Two  items  of  investigation  will  be  considered;  operating 
temperature  distributions  and  heat  input  limitations. 
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II.  GENERAL  CONFIGURATION 


The  general  configuration  is  shown  m  Figure  1.  The  basic 
construction  consists  of  a  closed  container  of  arbitrary  shape, 
i.e.,  right  circular  cylinder,  rectangular  box,  etc.  A  porous 
capillary  wicking  structure  is  attached  to  the  internal  surface 
of  the  container.  To  charge  the  device,  a  vacuum  is  drawn  on  the 
container  and  enough  working  fluid  is  introduced  into  the  contain¬ 
er  to  saturate  the  wick  structure  and  the  device  is  sealed.  The 
container  now  contains  liauid  in  the  wick  structure  in  thermody¬ 
namic  ecruilibrium  with  the  vapor  m  the  center  portion  or  vapor 
space.  An  eauilibrium  condition  will  be  reached  to  correspond 
with  the  surrounding  temperature.  The  pressure  inside  the  device 
will  be  eaual  to  the  saturation  pressure  for  the  working  fluid  at 
this  temperature.  Heat  pipe  working  fluids  can  range  from  cryo¬ 
genic  liquids  to  liauid  metals,  depending  upon  the  temperature 
range  of  desired  operation.  However,  the  most  common  applications 
occur  in  the  mid-temperature  range  and  common  fluids  such  as  water, 
fluoro  carbons,  alcohol,  etc.  can  be  employed. 

The  heat  pipe  operates  on  a  closed  vaporization-condensation 
cycle.  As  heat  is  added  to  the  heat  input  section,  the  liauid  in 
the  wick  structure  is  vaporized.  The  vapor  which  is  formed  flows 
down  the  vapor-space  to  the  heat  rejection  section.  The  vapor 
condenses  on  the  wick  structure  as  the  heat  is  rejected  to  a  cool¬ 
ant  which  is  external  to  the  container.  The  liauid  condensate 
now  flows  back  through  the  porous  wick  structure  to  the  evaporator 
section  where  the  cycle  is  completed.  The  drivina  pressure  for 
the  fluid  flow  processes,  both  vapor  and  liauid,  is  supplied  by 
the  surface  tension  phenomena  occurring  within  the  capillary  pores 
of  the  porous  wick  structure. 

In  its  operating  mode,  the  major  temperature  drops  associated 
with  the  thermal  transport  are  due  only  to:  1)  the  radial  flow  of 
heat  into  the  device,  i.e.,  conduction  across  the  container  wall 
and  the  evaporation  process  and  2)  the  radial  flow  of  heat  out  of 
the  device,  i.e.,  the  condensing  process  and  conduction  across  the 
container  wall.  The  temperature  drop  is  therefore  dependent  upon 
the  heat  flux  and  is  independent  of  length  of  transport. 
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The  heat  pipe  will  continue  to  operate  in  the  manner  described 
above  until  a  failure  of  one  of  the  transport  phenomena  causes  an 
interruption  of  the  cycle.  Failure  is  most  apt  to  occur  because 
of  one  of  the  following: 

1)  Insufficient  liquid  supply;  an  inability  of  the 
capillary  "pump"  to  supply  sufficient  liquid  to 
the  evaporator  section.  The  reauired  liauid  flow 
is  dependent  upon  total  heat  transport  m  the 
device  (BTU/hr) . 

2)  Ineffective  vaporization;  a  vapor  blanketing  of  the 
heat  input  section  resulting  m  a  failure  of  the 
vaporization  process.  This  is  dependent  upon 
input  heat  flux. 

Each  of  these  failures  would  result  in  a  drv-out  of  the  evap¬ 
orator  section  and  consequently  an  excessive  temperature  rise  m 
the  device  which  is  being  cooled. 

The  heat  pipe  must  be  designed  to  avoid  the  failure  modes  and 
to  operate  within  the  temperature  drop  and  heat  transport  require¬ 
ments  as  dictated  by  the  specific  application.  This  can  be  accom¬ 
plished  by  altering  the  type  and  configuration  of  the  wick  struc¬ 
ture  and  the  geometrical  dimensions  of  the  container  or  by  changing 
the  working  fluid. 


III.  OPERATING  LIMITATIONS 


The  design  of  the  wick  structure  dictates  to  a  great  extent 
the  limiting  characteristics  of  the  heat  pipe.  As  previously  ex¬ 
plained,  the  two  failure  modes,  wick  pumping  and  wick  vaporization, 
are  defined  for  heat  pipes  operating  in  the  mid-temperature  range. 

A.  Wick  Pumping 

The  capillary  action  of  the  wick  structure  supplies  the 
driving  force  for  the  fluid  flow  process.  This  forcing  relation¬ 
ship  is  given  by: 

AP  =  AP„  +  AP  ±  AP  (1) 

ca  £  v  g 

The  pressure  drop  for  liquid  and  vapor  flow  is  related  to  the 
fluid  mass  flow  rate  and  subsequently  to  the  total  heat  transport 
by: 


W  =  Q/hf  .  (2) 

Depending  on  the  orientation  of  the  device,  gravity  either  assists 
or  resists  the  fluid  flow  process.  Since  gravity  effects  on  the 
vapor  phase  are  usually  negligible,  this  component  is  "lumped"  in¬ 
to  the  liquid  phase  pressure  drop  as  a  body  force. 

1.  Capillary  Pressure  Rise 

Surface  tension  effects  occurring  at  the  liauid-vapor 
interfaces  along  the  wick  length  maintain  pressure  equilibrium  be¬ 
tween  the  liquid  and  vapor.  Since  liquid  is  being  added  to  the 
wick  structure  at  the  condenser  section  in  the  form  of  condensate, 
it  is  assumed  that  at  this  end  of  the  heat  pipe  the  wick  is  flood¬ 
ed  producing  an  infinite  radius  of  curvature  of  the  interface.  As 
a  result,  the  liquid  and  vapor  pressure  are  equal.  At  other  loca¬ 
tions  along  the  wick  structure  the  difference  between  liquid  and 
vapor  pressure  is 


AP 


ca 


2a 


ca 


ea 


(3) 
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where  r 
by 


ca 


eq 


is 


the  eauivalent  radius  of  the  interface  and  is  given 


r 


ca 


eq 


r  /cos  ip 
ca 


At  the  end  of  the  evaporator  section,  the  liquid-vapor  pressure 
difference  is  greatest.  If  more  heat  is  added  to  the  heat  pipe, 
the  increase  in  mass  flow  rate  (Eq.  2)  requires  greater  fluid 
pressure  drops  and  subsequently  higher  values  of  AP  .  This  pro- 
cess  continues  until  the  wick  structure  no  longer  sustains  the 
pressure  difference  and  wick  dry-out  prevents  further  evaporation 
at  these  locations.  This  limit  :s  defined  by  a  property  of  the 
wick  structure,  denoted  by  r  ,  and  must  be  determined  experi- 

mentally.  Several  investigators11  [  1)  ,  [2],  [3],  have  determined 
this  quantity  by  a  variety  of  experimental  techniques.  The  most 
common  of  these  is  the  wick  rise  height,  i.e.,  the  vertical  distance 
that  liquid  rises  in  a  wick  structure  when  working  against  the 
force  of  gravity: 

r-eq  .  "  :  2p-  _a  • 

qmin  wR  p£  g 
^o 

If  the  wetting  angle,  ip,  is  not  zero  in  both  the  wick  rise  test 

and  the  heat  pipe,  then  the  experimental  value  of  r__  .  must  be 

0<3min 

determined  with  the  same  fluid-wick  combination  as  is  used  in  the 
heat  pipe.  This  insures  a  proper  value  for  rca 

eqmin 

2.  Liquid  Flow  Pressure  Drop 

The  liquid  flow  through  the  porous  wick  structure  cre¬ 
ates  the  largest  pressure  drop  in  the  system.  To  analyze  this 
flow  process,  the  wick  structure  is  assumed  to  be  saturated  with 
liquid  and  the  flow  is  single  phase  (this  assumption  will  be  dis¬ 
cussed  in  more  detail  in  a  later  section) .  The  liquid  velocity  is 
small  (NRe  <<  1)  and  the  flow  is  assumed  to  obey  Darcy's  law  [4], 

[5]. 

The  general  configuration  is  shown  in  Figure  2, 
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For  the  increment  Ax,  the  continuity  equation  is  given  by 


w  -  w  -  w 

v  x  +  Ax 


The  velocities  are  therefore 


x+Ax 


-A  v.  p 
v  v  Fv 

e  A_  p . 
T 


For  planar  heat  pipes  and  for  circular  heat  pipes  in  which 
the  wick  structure  is  thin  compared  to  the  pipe  I.D. 


A_  =  tt  D .  6 
T  l 


and  in  the  limit  as  Ax  -*  0 


dx  p .£<$  Uv 


The  forces  acting  on  the  increment  in  the  "x"  direction  are  due  to 
pressure  difference,  gravity  and  friction.  Darcy's  law  is  given 
by 


F.  =  —  y„  e  u„  A  Ax 
f  g  £  Si  T 

yo 


The  momentum  equation 


EF  =  M  .  A  -  M  , 
x  x+Ax  x 


derived  for  the  increment  Ax  is 


EVVpx*fa,+p*VAx  sln0 


Pi  7 

*  g“  €AT  (Ui 


x+Ax 


^  e2V*Ax 

-*  A 


>• 

X 


8 


or  in  the  limit 


p „  2 —  sin© 
A  g 


g0  dx 


(13) 


The  energy  equation  is  similarly  derived  for  this  increment  and 
if  conduction  is  neglected 


du .  u  p  H 

h,  -J.  +  -v—^-  ,v- 

£  dx  p „  e  6 


p£  C  6 


(14) 


The  energv  and  continuity  ecruations  are  combined  tc  give 


hfg  pt 


(15) 


This  equation  implies  that  the  heat  input  is  constant  along  the 
evaporator.  Since  the  liquid  velocity  is  zero  at  the  end  of  the 
evaporator,  the  variation  of  liquid  velocity  with  axial  dimension 
is  linear 


U£= 


^  p£  e  6 


(16) 


The  momentum  equation  is  now  solved  for  the  evaporator  and 
the  pressure  difference  is 


1  Me  e 

AP  =  P  -P  =  —  c-7— - - r 

e  e  1  3d  hfgPl  t 


Kp 


62 


hfg  °£  6 


e 

2 


-  Le  ^  sine  • 


(17) 


A  similar  solution  is  obtained  for  the  condenser  section  and 
is  based  on  evaporator  heat  input  flux: 


2  t  2  vi.  La  L 


AP  =  P_-P  =  -  — 
c  2  c  g 


q‘  L 
e  e 


fg 


ir7rT 


%  Le  qe 

g  h 


fg  p(  5  2 


-  pl  Lc  1“  sinS  ' 

O 


(18) 


If  an  adiabatic  section  exists  between  the  evaporator  and 
condenser,  this  pressure  drop  is  given  by 


AP  =  P.-P-  = 
a  12 


g  T  ^  ^e^e 

-p  2 —  l  smP  -  -  r - 

*  go  a  ^o  hfg^ 


-x  L 
Po6  a 


(19) 


The  total  liquid  pressure  drop  is 


=  APe  +  APC  +  APa  , 


(20) 


and  is  given  by 


g 


^e  Le 
h£g  4 


'l5  +  La  + 


-  p  2_  sine  (Le  +  L  *  L  )  , 


(21) 


The  pressure  drop  in  the  wick  structure  is  related  to  another 
property  of  the  wick,  K,  which  is  also  obtained  by  experimental 
methods  [  D  ,  [  6]  ,  [  7]  . 


3.  Vapor  Flow  Pressure  Drop 

The  pressure  in  the  vapor  region  is  greatest  in  the 
evaporator  section  and  decreases  as  the  vapor  flows  to  the  conden¬ 
ser  section.  In  the  evaporator  section,  vapor  is  continuously 
being  added  to  the  flow  stream,  thereby  producing  an  infection 
flow.  In  the  condenser  section  vapor  is  being  removed  from  the 
stream,  thereby  producing  a  suction  flow. 

This  type  of  flow  process,  injection  or  suction,  lends  its 
self  readily  to  analysis  and  a  significant  amount  of  analytical 
work  has  been  done  in  this  area  [8],  [9],  [10].  A  simplified 
analysis  is  sufficient  for  calculating  the  vapor  flow  pressure 
drop  because,  in  the  mid- temperature  range,  the  vapor  flow  pres¬ 
sure  drop  is  small  in  comparison  to  the  liquid  flow  pressure  drop. 
Furthermore,  conditions  which  can  be  limiting  for  liquid  metal 
heat  pipes  such  as  sonic  vapor  velocity  and  liquid  entrainment  are 
not  as  critical  for  lower  temperature  working  fluids. 
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For  the  evaporator  section,  the  injection  flow  is  character¬ 
ized  by  Figure  3,  where  VD  represents  the  constant  injection 
velocity  of  the  vapor,  and  r  =  R  is  the  wick -vapor  interface. 

For  a  circular  tube  the  continuity  equation  is 


3u  3v  V 
3x  3r  r 


0 


(22) 


Using  an  integral  approach,  the  momentum  equation  is 


dP  _  3u 

dx  '  g  R  3r 

°  r=R 


(u2)  rdr 


(23) 


The  boundary  conditions  are 

at  r=R  v  =  -v 

°e 

r=0  v  =  0 


Now  assuming  that  v  is  not  a  function  of  x, 

v  =  f (r)  =  f,  (24) 


and  from  continuity 

u  =  — f’x  -  |  x  .  (25) 

Assuming  a  third  order  polynomial  fit  for  the  function  f  and 
matching  the  boundary  conditions  gives 


v  =  vq  U3  -  2  *)  ,  (26) 

e 

u  =  -4  vq  p  (  4>2  -  1)  r 
where  $>=£■. 


(27) 


V 

o 

e 


"  L  '  '!  "  '!  'r  _ ! . 

L,  U-.  ^ 

T 

‘° 

To 

u 

^x+Ax _ 

R 

TTTTTTT 

X 

- 

t 

Ax 

rrm 

VAPOR  FLOW  IN  VAPOR  SPACE 

Figure  3 
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Substituting  the  velocity  expression  into  the  momentum  equa¬ 
tion  and  integrating  from  x  =  0  to  x  =  L 


P  v 
v  o. 


P,  -  P  = 
1  e 


2g, 


16 
“ 7 


/L  \  2  v  L 

0)  -  «  ‘-8> 


(28) 


Similar  expressions  can  be  derived  for  the  condenser  section 
and  the  adiabatic  section.  Assuming  a  constant  radius  tube  and 
constant  vapor  density,  the  boundary  velocities  are  related  by 


L  =  v  L 
e  o  c 
c 


The  end-to-end  vapor  flow  pressure  drop  is  given  by 


P  v 
V  o 


p  -p  = 
e  c 


"2g" 


[L  2  16  v  L  L 

(—)  ( - —)  (1+  —  +  —) 

VR  '  vv  R  '  v  L  L  1 

°  e  e  _ 


(29) 


The  injection  velocity,  v  ,  is  related  to  the  heat  input  by 

°e 


v 


2rrhfg  ^v  R  Le  ' 


(30) 


The  cibove  relationship  holds  only  for  low  injection  rates. 

Cotter  [11]  gives  a  relationship  for  vapor  flow  pressure  drop  in 

the  limit  where  the  radial  Reynolds  number, N  ,  approaches 

RVo  Ke 


infinity  (N_  is  defined  as  N 

Ke^  «er 


) 


v 


P~-P-  *  11  -  4/"  >  8p  R^h-7 


e  c 


fg  go 


(31) 


For  a  conservative  estimate  of  vapor  flow  pressure  drop,  the  maxi¬ 
mum  value  from  Equation  (29)  or  (31)  can  be  used. 
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4.  Wick  Pumping  Limitation 

If  the  heat  input  to  the  heat  pipe  is  restricted  by  wick 
pumping,  the  capillary  pressure  rise  assumes  its  limiting  value. 
This  value,  given  by  Equation  (3)  along  with  the  liquid  flow  pres¬ 
sure  drop  determined  from  Equation  (21)  and  the  vapor  flow  pres¬ 
sure  drop  determined  from  Equation  (29)  are  substituted  into  Equa¬ 
tion  (1) .  The  limiting  value  for  evaporator  heat  flux  input 
(based  upon  tube  O.D.)  is 


2a 


ca_ 


min 


-  tLe  Sin0<1  +  E2’ 

^o  e  e 


5max  KLe2  v£  vv  6  ,  , ,  Lc  ,  ?La1 

"g~T  1  +  16  \77  KR^  (1+L“  +  2L-} 


(32) 


2h 


fg  o 


In  most  heat  pipe  applications,  the  vapor  flow  pressure  drop 
can  be  neglected.  Furthermore,  for  horizontal  applications,  the 
angle  0  is  zero.  With  these  two  conditions,  Equation  (32)  reduces 
to 


max 


40  hfg  9p  6 


•  K  Lz  V.  (1  + 

ca  .  e  £ 

min 


(33) 


The  heat  pipe  operation  is  dependent  upon  a  grouping  of 


1)  Fluid  parameters 
o  h*. 

f 


N 


f  £ 
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(34) 


2) 


3) 


Wick  parameters 

mm 

Construction  parameters 


(35) 


6 

Tl  +l  +2l J  • 
e  c  a 


(36) 
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As  previously  indicated,  the  wick  parameters  must  be  deter¬ 
mined  experimentally.  In  order  to  successfully  predict  heat  pipe 
performance,  the  wick  parameters  must  be  determined  under  condi¬ 
tions  which  simulate  heat  pipe  operation.  The  non-uniformity  of 
wick  structures  partially  explains  the  discrepancy  in  these  val¬ 
ues  when  presented  in  the  open  literature.  This  also  indicates 
the  need  for  testing  wick  samples  before  they  are  employed  in 
prototype  heat  pipes. 

A  representative  listing  of  wick  parameters  is  presented  in 
Table  I.  The  more  common  mid-temperature  working  fluid  properties 
are  presented  in  Table  II. 

B.  Departure  from  Vaporization 

The  heat  introduced  at  the  evaporator  section  of  the  heat 
pipe  is  removed  by  vaporizing  the  working  fluid.  If  the  capillary 
pumping  action  is  sufficient  to  supply  the  liquid,  this  process 
continues.  However,  as  in  smooth  surface  boiling,  a  vapor  blan¬ 
keting,  i.e.,  dry  out,  condition  can  occur  where  the  point  of 
occurrence  is  a  function  of  the  local  heat  flux  rather  than  the 
bulk  liquid  supply.  On  smooth  surfaces  this  phenomena  has  been 
extensively  investigated  [12],  [13],  however,  when  an  irregular 
porous  structure  is  placed  on  the  smooth  surface,  the  vaporization 
process  is  altered  and  little  information  exists  to  define  the 
qualitative  or  quantitative  results  of  this  process. 

In  the  wick  vaporization  process,  vapor  is  generated  within 
the  wick  structure  [14],  [15],  [16],  [17],  and  must  be  vented 
through  the  wick.  It  has  been  reported  [18]  that  if  proper  vapor 
venting  is  permitted,  the  heat  flux  characteristic  of  departure 
from  vaporization  for  a  wick  covered  surface  is  greater  than  the 
dryout  heat  flux  for  a  smooth  surface.'  The  wick  structures  employ¬ 
ed  in  conventional  heat  pipe  construction  are  highly  porous 
(e  >  70%)  and  relatively  thin  (6  <  40  mils) .  For  this  class  of 
wick  structure,  a  smooth  surface,  pool  boiling,  correlation,  such 
as  Kutateladze ' s  equation  [19] 

qcrit  -  /C“  (hfg  /p^  rogo(prpv)g  ],  (37) 

where  /C  =  0.4,  will  give  a  conservative  estimate  for  the  departure 
from  vaporization  heat  flux  limit. 

15 


TABLE  I 


RANGE  OF  MICK  PARAMETERS  [7] 


Wicks 

Type  Material 

Porosity 

r 

t 

ca 

min 

ft. 

K 

1/ft2 

Felt 

Nickel 

.69 

1.2 

X 

10  4 

61.5  x  10® 

Felt 

Nickel 

.92 

3.1 

X 

f— 1 

o 

1 

1.7  x  10® 

Felt 

Copper 

.90 

7.5 

X 

t— 1 

o 

1 

4* 

.75  x  io® 

Foam 

Nickel 

.94 

7.5 

X 

io-4 

.34  x  io® 

Screen 

Nickel 

200  mesh 

2.1 

X 

►— 1 
o 

1 

4*. 

12.1  x  io® 

Screen 

SS 

200  mesh 

1.9 

X 

10  4 

17.9  x  lob 

TABLE  II 

FLUID  PROPERTIES 


Fluid 

Temperature 

°F 

Pressure 

psia 

Pi  , 
#/ft3 

o 

#/ft 

hf  q 
BTU7# 

vy 

f t2/hr 

ft^/hr 

Water 

120 

1.7 

61.2 

.0047 

1026 

.022 

4.75 

Ammonia 

120 

286 

35.2 

.001 

455 

.0128 

.028 

Freon  12 

120 

172 

75.9 

.00041 

53 

.0054 

.0072 

Freon  22 

120 

277 

68.1 

.00033 

65 

.0053 

.006 

Ethyl  Alcohol  120 

3.9 

48.5 

.0014 

258 

.0035 

.047 

16 


In  most  heat  pipe  applications,  the  heat  flux  as  defined  by 
the  pumping  limit,  Equation  (32),  will  be  much  less  than  the  de¬ 
parture  from  vaporization  limit  as  defined  by  Equation  (37)  .  In 
this  situation,  the  heat  transferred  by  the  heat  pipe  is  limited 
by  the  capillary  liquid  supply.  However,  in  applications  in  which 
the  heat  pipe's  evaporator  heat  flux  approaches  the  limit  as  de¬ 
fined  by  Equation  (37)  and/or  if  the  wick  properties  differ  sig¬ 
nificantly  from  those  previously  stated  (e  >  70%,  6  <  40  mils) 
independent  verification  of  the  departure  for  vaporization  limit 
should  be  obtained  before  design  is  fixed. 

C.  Dependency  of  Wick  Pumping  Upon  Wick  Vaporization 

The  wick  pumping  limit  as  defined  by  Equation  (32)  is  based 
upon  single-phase  fluid  (liquid)  flow  within  the  wick  structure. 
The  liquid  flow  is  in  the  axial  direction.  However,  as  stated  in 
the  preceeding  section,  vapor  is  generated  within  the  wick  struc¬ 
ture  in  the  evaporator  section.  This  vapor  flows  radially  through 
the  wick  structure  to  the  vapor  space.  The  liquid  flow  process  is 
thereby  disrupted  by  this  vapor  flow  because  the  vapor  flow  pas¬ 
sages  occupy  liquid  flow  area.  This  occupancy  can  significantly 
reduce  the  heat  flux  limit  as  predicted  by  single-phase  relation¬ 
ships.  Again,  however,  if  the  wick  structures  are  relatively  thin 
and  porous  (e  >  70%,  6  <  40  mils),  the  vapor  is  vented  through  the 
wick  structure  without  significant  reduction  in  predicted  perfor¬ 
mance  (14]. 
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IV.  OPERATING  TEMPERATURES 

A.  Temperature  Differences 

In  the  vapor  space,  the  only  end-to-end  temperature  variations 
are  associated  with  changes  in  vapor  pressure  due  to  vapor  flow 
pressure  drops.  As  indicated  in  a  previous  section,  these  pres¬ 
sure  drops  are  very  small,  and  the  vapor  space  is  assumed  to  oper¬ 
ate  at  constant  saturation  pressure  and  temperature  along  the 
axial  length  of  the  heat  pipe.  However,  because  heat  is  trans¬ 
ferred  radially  into  and  radially  out  of  the  heat  pipe,  tempera¬ 
ture  drops  occur.  In  steady  state  operation,  the  total  heat 
added  to  the  evaporator  section  must  be  rejected  at  the  condenser 
section. 


1.  Evaporator  Section 

In  the  evaporator  section,  the  thermal  resistances  which 
account  for  the  temperature  drops  are  the  wall  conduction  resis¬ 
tance  and  vaporization  resistance.  Assuming  a  planar  geometry 
the  temperature  drop  through  the  wall  is 


AT  =  T 
cw  cw_ 


-  T 


cwi 


qe 

^7^7 


(38) 


As  previously  indicated,  no  explicit  equation  exists  to  de¬ 
fine  the  non-linear  transport  phenomena  or  resulting  heat  trans¬ 
fer  coefficient  for  wick  vaporization.  However,  the  thermal  re¬ 
sistance  from  the  process  is  not  controlling  and  can  be  conserva¬ 
tively  approximated  as  shown  in  Figure  4  [14]  by  Rohsenow's  cor¬ 
relation  [19]  for  smooth  surface  pool  boiling: 


AT  = 
e 


cw^ 


-  T 


sat 


=  C 


hJzt 


V1 


fg 


vl 


33 


^7 


,Vl 


1.7 


(39) 


where  C  is  dependent  upon  the  surface  and 
ranges  from  .006  to  .014. 

2.  Condensing  Section 

The  vapor  is  condensed  on  the  inner  wick  surface,  re¬ 
leasing  the  latent  heat  of  condensation.  The  heat  must  then  be 
conducted  through  the  wick  structure  and  container  wall  to  the 
outer  container  wall  surface. 
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Heat  Flux  x  10  (BTU/Hr  ft2) 


WICK  VAPORIZATION 
Figure  4 
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The  thermal  resistance  associated  with  the  condensing  pro¬ 
cess  is  so  small  that  it  is  neglected.  The  temperature  drop 
associated  with  the  conduction  process  through  the  wick  and  con¬ 
tainer  wall  is 


AT  =  T  .  -  T 
c  sat  cw. 


k  /&  +  k  /t  ‘ 
w  cw  cw 


(The  conductivity  of  the  wick  structure  will  be  defined  in  a 
following  section) . 

3.  Total  Heat  Pipe  Temperature  Difference 
The  heat  pipe  temperature  difference  is 


AT  =  T 
HP  cw 


-  AT 


=  AT  +  AT  +  AT 
cw  e  c 


For  standard  heat  pipe  construction,  the  largest  temperature  dif¬ 
ference  and  the  controlling  thermal  resistance  occurs  due  to  con¬ 
duction  across  the  wick-liquid  matrix  at  the  condensing  section. 

B.  Saturation  Temperature 

If  a  constant  heat  input  is  applied  to  the  evaporator  section, 
and  the  heat  is  rejected  from  the  condenser  section  to  a  coolant 
fluid  at  Ta,  the  thermal  resistances  in  the  condenser  section 
control  the  saturation  temperature  of  the  heat  pipe.  The  temper¬ 
ature  difference  between  the  saturation  temperature  and  the  ambi¬ 
ent  temperature  is  the  result  of;  1)  the  thermal  resistance  of 
conduction  process  as  defined  by  Equation  (40)  and  2)  the  thermal 
resistance  due  to  the  film  heat  transfer  coefficient  of  the  cool¬ 
ant  fluid.  The  saturation  temperature  is  therefore 


Tsat  TA  +  k  /6  +  k  ”/t  +  h  , 

w  cw  cw  cf 


A  standard  heat  pipe  always  operates  in  a  thermodynamic 
equilibrium  condition.  The  heat  pipe  pressure  (saturation  pres¬ 
sure)  is  defined  by  the  saturation  temperature  and  the  equilibrium 
temperature-pressure  relationship  for  the  heat  pipe  working  fluid. 
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C.  Wick  Conductivity 

The  thermal  studies  of  porous  media  [20],  [21],  [22],  [23], 
have  not  resulted  in  a  universal  analytical  expression  to  define 
the  thermal  conductivity  of  the  composite  as  a  function  of  the 
thermal  conductivities  and  composition  of  the  constituents.  The 
bounds  on  the  value  of  thermal  conductivity  are  determined  [24] 
by  assuming  the  constituents  (liquid  and  solid)  take  on  a  parallel 
(lower  bound) 


1  +  e 


or  a  series  (upper  bound) 


e  (1  - 


ws 


(43) 


(44) 


arrangement  in  the  heat  flow  direction.  An  empirical  correlation 
which  was  derived  from  a  great  volume,  [25],  of  experimental  data 
is  given  as 


0.28-0.57 (log10 


(e 


(45) 


The  relationship  given  by  this  empirical  equation  yields  values 
close  to  those  of  the  lower  bound  (43)  and  also  matches  the  exper¬ 
imental  heat  pipe  data  concerning  temperature  difference  across 
the  condenser  section. 

The  thermal  conductivity  of  wick  structures  varies  widely 
with  the  type  of  structure  and  the  construction  techniques  of  the 
heat  pipe.  Since  the  lower  bound  value  gives  conservative  results 
this  value  is  recommended  unless  experimental  data  is  available 
to  more  precisely  define  the  thermal  conductivity  for  the  particu¬ 
lar  combination  of  wick  structure  and  working  fluid. 
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V. 


EXTREME  TEMPERATURE  RANGE 


The  design  criteria  presented  in  this  report  are  intended  for 
use  in  the  mid- temperature ,  heat  pipe,  application  range,  however, 
much  work  has  been  done  to  design  heat  pipes  which  operate  at 
extreme  temperatures  and  which  employ  liquid  metals  and  cryogenic 
fluids  as  working  fluids.  Heat  pipe  operation  at  these  extremes 
encounters  additional  design  constraints  the  definition  of  which 
are  beyond  the  scope  of  this  report. 

A.  Liquid  Metals 

Much  of  the  early  work  on  heat  pipes  was  initiated  by  the 
possible  application  of  liquid  metal  heat  pipes  on  thermionic 
devices  [  26]  ,  [  27]  ,  [  28]  .  The  working  fluid  for  these  devices 
has  been  sodium,  potassium,  lithium,  silver,  etc. 

The  liquid  metal  working  fluids  have  the  advantage  of  very 
high  surface  tension.  The  heat  pipes  have  much  higher  wick 
"pumping"  capabilities  and  therefore  are;  1)  much  less  dependent 
upon  orientation  with  respect  to  gravity  and  2)  capable  of  having 
extended  length.  The  high  thermal  conductivity  of  the  working 
fluid  enables  the  evaporator  to  be  operated  without  vaporization 
occurring  within  the  wick  structure  and  also  with  lower  conduc¬ 
tion  temperature  drops  in  the  condenser  section.  Thus  the  heat 
pipes  operate  at  a  more  uniform  end-to-end  temperature  differen¬ 
tial. 

Liquid  metal  heat  pipes  also  have  limitations  not  encountered 
in  heat  pipes  operating  with  more  conventional  fluids; 

1)  Start-up;  The  working  fluid  is  in  the  frozen  state  at 
ambient  temperatures,  therefore  the  start-up  must  be 
accurately  controlled  to  prevent  premature  burnout 

t  29]  ,  [  30]  ,  [31]  . 

2)  Sonic  limits;  The  metal  vapor  has  a  lower  density  and 
results  in  higher  vapor  velocities  with  the  possibility 
of  restricted  heat  input  due  to  sonic  vapor  velocity 

[  32]  ,  [  33]  . 
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3)  Entrainment?  The  high  interfacial  velocities  between 
the  liquid  being  returned  within  the  wick  structure  and 
the  vapor  flow  in  the  vapor  space  result  in  entrainment 
of  the  liquid  into  the  vapor  stream  and  a  reduction  in 
the  amount  of  liquid  that  is  returned  to  the  evaporator 
section  [34]  ,  [35] . 

B.  Cryogenic  Fluids 

The  work  on  low  temperature  heat  pipes  has  not  been  as  exten¬ 
sive  [36] ,  [37]  ,  [38]  .  Although  the  experimentation  with  this 
class  of  working  fluids  is  much  more  difficult  and  experimental 
data  is  not  readily  available,  the  design  limitations  seem  to  be 
very  similar  to  those  encountered  in  the  mid-temperature  heat 
pipes.  The  extrapolation  of  empirical  data  taken  with  "room 
temperature"  fluids  is  very  questionable  but  for  lack  of  more 
complete  information  it  can  function  as  an  order-of -magnitude 
design  base. 


VI .  TEMPERATURE  CONTROL 


The  unique  characteristic  of  a  heat  pipe  as  a  heat  transfer 
device  is  that  the  heat  input  section  is  maintained  at  a  uniform 
temperature  along  the  evaporator  length.  Attempts  have  also  been 
made  to  maintain  a  uniform  temperature  throughout  a  range  of  vary¬ 
ing  heat  inputs.  To  perform  this  function,  changes  are  made  to 
the  external  heat  rejection  mechanism  or  to  the  internal  heat  pipe 
construction. 

A.  External 

As  indicated  in  a  previous  section,  the  saturation  tempera¬ 
ture  of  the  heat  pipe  is  a  direct  function  of;  1)  the  heat  in¬ 
put,  2)  the  coolant  fluid  temperature,  and  3)  the  coolant  heat 
transfer  coefficient.  With  all  other  parameters  remaining  equal, 
as  the  heat  input  is  increased,  the  saturation  temperature  in¬ 
creases.  If  a  control  on  the  coolant  fluid  temperature  and/or 
coolant  fluid  flow  rate  (i.e.,  the  heat  transfer  coefficient)  is 
introduced,  and  governed  by  the  heat  input,  a  uniform  evaporator 
section  temperature  throughout  a  range  of  heat  inputs  can  be  ob¬ 
tained.  This  is  a  non-passive  control  system. 

B.  internal 

Several  internal  techniques  have  been  suggested  as  passive 
temperature  controls  for  variable,  heat  input,  heat  pipes.  It  is 
felt,  however,  that  these  techniques  have  not  yet  been  standard¬ 
ized  and  introduce  too  many  unknowns  into  the  construction  and 
design  of  mid-temperature  range  heat  pipes. 

1)  Non-condensable  Gas 

The  introduction  of  a  non-condensable  gas  into  the  heat 
pipe  makes  a  portion  of  the  heat  pipe’s  condenser  section  non- 
operable  [39],  [40],  [41],  [42].  The  saturation  temperature  is 
therefore  controlled  by  varying  the  condenser  area  as  the  heat 
input  is  varied.  This  technique  has  been  successfully  employed 
with  liquid  metal  heat  pipes,  where  a  sharp  interface  exists  be¬ 
tween  the  liquid  metal  vapor  and  the  non-condensable  gas.  Although 
much  experimentation  has  been  conducted  on  heat  pipes  with  the 
mid-temperature  range  fluids,  several  problem  areas  exist: 
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1)  the  non- condensable  gas  diffuses  from  the  reservoir  into  the 
total  condenser  section,  thus  affecting  the  condensing  heat  trans¬ 
fer  coefficients;  2)  the  vapor-gas  interface  is  not  sharply  defined 
and  it's  motion  is  difficult  to  predict;  3)  the  gas  can  enter  the 
wick  structure,  thus  producing  a  very  rapid  rise  in  the  wick  fric¬ 
tion  factor  and  consequently  in  the  liquid  flow  pressure  drop. 

2)  Two  Liquids 

Some  experimental  and  analytical  investigations  [43] , 

[44] ,  have  indicated  that  by  employing  two  liquids  of  different 
boiling  points  in  the  heat  pipe  as  working  fluids,  temperature 
control  can  be  achieved.  Although  this  technique  doesn't  have 
some  of  the  inherent  disadvantages  of  the  non-condensable  gas 
control,  it  has  not  as  yet  been  developed  to  a  reliable  applica¬ 
tion  design  stage. 


VII.  COMPATIBILITY  AND  CONSTRUCTION 

The  compatibility  problem  between  the  heat  pipe  working 
fluid  and  the  container  vessel  is  much  more  severe  in  liauid  metal 
heat  pipes  than  in  the  mid-temperature  range  devices  [45],  [46], 

In  the  latter  heat  pipes  [47]  ,  [48]  ,  [49]  ,  the  most  important  con¬ 
sideration  is  to  avoid  the  generation  of  non-condensable  gases. 

This  would  usually  occur  in  a  reaction  in  which  hydrogen  is  gene¬ 
rated.  The  effect  of  this  gas  liberation  is  a  deterioration  of 
heat  pipe  performance  with  time.  With  some  combinations  of  mater¬ 
ials,  e.g.,  water  and  aluminum,  this  can  occur  within  a  matter  of 
weeks. 

As  stated  in  the  general  discussion,  the  construction  details 
of  a  heat  pipe  are  relatively  simple.  However,  as  in  many  prod- 
udcts,  expertise  in  construction  comes  only  through  familiarization 
with  the  assembly  techniques.  Several  general  construction  con¬ 
cerns  which  should  be  kept  in  mind  are  as  follows: 

1)  The  container  must  be  vacuum  tight  and  must  be 
well  evacuated  (to  approximately  5-15  milli- 
torrs)  before  charging  with  the  working  fluid? 

2)  The  Working  fluid  must  be  deaerated; 

3)  The  wick  structure  must  be  wettable  with  the 
working  fluid; 

4)  The  wick  structure  must  be  in  close  contact 
with  the  evaporator  wall; 

5)  An  attempt  should  be  made  to  use  common  materials 
throughout  the  heat  pipe,  e.g.,  copper  container 
and  copper  wick  structure. 

These  general  construction  details  will  not  guarantee  success 
of  the  device  but  will  eliminate  the  more  obvious  causes  of  heat 
pipe  failures. 
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VIII.  CONCLUSION 


The  heat  pipe  has  the  potential  of  performing  a  very  impor¬ 
tant  thermal  transport  function  in  many  industrial  applications. 
The  technical  work  and  research  efforts  in  this  area  have  not  as 
yet  progressed  to  a  stage  where  a  prototype  heat  pipe  design  can 
be  made  solely  from  analytical  studies.  However,  enough  informa¬ 
tion  is  available  to  carry  out  an  engineering  design  and  trade-off 
study  to  identify  the  economic  and  technical  improvements  gained 
by  employing  this  type  of  coolant  device.  The  finalized  design 
will  require  empirical  inputs  and  also  experimental  evaluation. 
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